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ABSTRACT: C-X bond reductive elimination and oxidative addition are key steps in many catalytic cycles for C-H functionaliza-
tion catalyzed by precious metals; however, engaging first row transition metal in these overall 2e
-
 processes remains a challenge. 
Although high-valent Mn aryl species have been implicated in Mn-catalyzed C-H functionalization, the nature and reactivity of 
such species remain unelucidated. In this work, we report rare examples of stable, cyclometalated monoaryl Mn
III
 complexes ob-
tained through clean oxidative addition of Ar-Br to Mn
I
(CO)5Br. These isolated Mn
III
-Ar complexes undergo unprecedented 2e
-
 
reductive elimination of Ar-X (X = Br, I, CN) bond and Mn
II
 induced by 1e
-
 oxidation, presumably via transient reactive Mn
IV
 spe-
cies. Mechanistic studies suggest a non-radical pathway. 
INTRODUCTION  
Transition-metal (TM) mediated C-heteroatom oxidative addi-
tion (OA) and reductive elimination (RE) are key steps in 
many catalytic C-H bond functionalization and C-C coupling 
reactions.
1-3
 Given that these areas have long been dominated 
by precious metal catalysts such as Pt, Pd, Ir, Rh,
4-7
 mechanis-
tic understanding of C-X bond cleavage and formation steps is 







 At the same time, replacement of pre-
cious metals with more abundant, cheaper and less toxic 1
st
 
row TM is an important goal in developing sustainable meth-
ods for organic synthesis.
17
 Manganese complexes have re-
cently emerged as competent catalysts for C-H bond function-
alization and C-C coupling reactions.
18-26
 While understanding 
of OA and RE from 1
st
 row metal complexes is necessary for 
further development of new catalytic methods,
27-28
 studying 
fundamental reactivity of organometallic Mn complexes re-
mains a challenge due to their low stability, paramagnetism 
and a large range of common oxidation states available for this 
metal.
26, 29-30
. Although some recent reports focus on the 





 complexes, Mn complexes 
remain essentially unexplored. Examples of well-defined, two-





ingly rare and to the best of our knowledge non-existent for 
Mn.
27-28
 At the same time, Ar-heteroatom bond cleavage and 
formation are essential steps in several catalytic or stoichio-
metric processes developed for inexpensive 1
st
 row transition 





While the majority of Mn-catalyzed C-H functionalization 
reactions have been proposed to occur via Mn
I
 without a 
change in the formal oxidation state,
18, 52









tion and azidation of C(sp
3
)-H bonds were proposed to involve 







 however, such methodology is not appli-
cable to Ar-X bond formation. Given the well-known ability 
of Mn
I
 complexes to activate Ar-H bonds in substrates con-
taining coordinating directing groups,
17-18, 29
 understanding the 
factors influencing selective Ar-X bond formation and cleav-
age would take full advantage of manganese’s ability to adopt 
a variety of oxidation states and would shed light on the 
mechanism of C-H functionalization and related Ar-X bond 
forming reactions. 
In this work, we report stable cyclometalated aryl-Mn
III
 com-




 ligand formed via oxidative addition of 
an Ar-Br bond to a Mn
I
 precursor (Scheme 1). These Mn
III
 
monoaryl complexes react readily with a range of 1e
-
 oxidants, 
which leads to facile, oxidatively-induced reductive elimina-
tion of an Ar-X (X = Br, I, CN) bond and a Mn
II
 product at 
room temperature. Mechanistic tests imply that the Ar-Br re-
ductive elimination occurs via a non-radical mechanism, pre-
sumably via an Ar-Mn
IV
 intermediate. Overall, this study 
demonstrates the importance of tuning the oxidation state of 
Mn to achieve either OA or RE beyond a simple two-electron 
cycle. This parallels the concept of oxidatively induced reduc-
tive elimination (ORE) applied predominantly for catalysis by 
precious metals
62-66
 (Scheme 2) and less commonly for 1
st
 row 




Scheme 1. Oxidative addition and reductive elimination of 
Ar-X using (
tBu
N3C)Mn monoaryl complexes. 
Scheme 2. The concept of oxidatively induced reductive C-





RESULTS AND DISCUSSION  




 ligand was 
selected as the convenient platform to study C-heteroatom 
bond formation due to its ability to stabilize high-valent spe-
cies through chelation thus providing insight into the mecha-
nisms of these reactions.
35, 71-74
 At the same time, amines and 
pyridine donors resemble common directing groups used in 
chelation-assisted C-H bond activation.
75
 Non-innocent char-
acter of such ligands has also been demonstrated by Ribas and 
co-workers in the corresponding Co complexes.
76-78
 To access 
Ar-Mn
III
 complexes, a 1:1 mixture of Mn(CO)5Br and 
tBu
N3CBr was reacted in a dichloroethane solution at RT un-
der Hg lamp irradiation to remove CO (Scheme 3, a). An in-





Br2 (1) was isolated in 58% yield as a deep-
red, crystalline solid (Scheme 3, a). The product was charac-
terized by single crystal X-ray diffraction (Figure 1a), 
1
H 
NMR, UV-vis and FT-IR spectroscopies, HR-MS and ele-
mental analysis. The X-ray structure of 1 (Figure 1a) reveals a 
distorted octahedral geometry at the Mn center surrounded by 
three N-donors, two Br and an aryl ligand with a Mn-Cipso 
bond distance of 2.027(14) Å. HR-MS of 1 gives rise to a sig-
nal at 484.1149 (z = 1) assigned to [1-Br]
+
. The complex was 
stable in the solid state at RT for at least one month. Complex 
1 is paramagnetic with an effective magnetic moment μeff of 
4.98 μB in solution as determined by the Evans method in 
CH2Cl2, suggesting an S = 2 ground state attributed to a high 
spin d
4
 configuration. Accordingly, the magnetic  
Scheme 3. Synthesis of complexes 2 and 3. 
 
 
Figure 1. ORTEP of neutral complexes 1 (a), 2 (b), 3 (c) and 
co-crystal of free ligand 
tBu
N3CBr and hex-
akis(acetonitrile)manganese(II) complex (d) at 50 % probabil-
ity level according to single crystal X-ray diffraction data. 
Hydrogen atoms (a-d), minor disordered components (a, b, d), 
counterions (d) and solvent molecules (b, d) are omitted for 
clarity; equivalent atoms are labelled by the superscript i (–
x+1, –y, –z+1). Selected interatomic distances [Å]: Br1–Mn1 
2.4623(4), Br2–Mn1 2.4793(5), Mn1–C1 2.027(14), Mn1–N1 
2.063(11), Mn1–N2 2.474(2), Mn1–N3 2.445(2) for 1; Mn1–
F11 2.0483(9), Mn1–F21 2.0281(9), Mn1–C1 2.012(5), Mn1–
N1 2.031(4), Mn1–N2 2.3641(11), Mn1–N3 2.3696(11) for 2; 
I1–Mn1 2.6556(3), I2–Mn1 2.7461(3), Mn1–C1 2.0323(18), 
Mn1–N1 2.0678(16), Mn1–N2 2.4906(16), Mn1–N3 
2.5032(17) for 3.  
susceptibility measurement for the solid sample of 1 gives a 
χM·T value of 2.7-2.9 T·cm
3·mol-1 in the temperature range 
from ca. 10 K to 300 K, corresponding to a μeff of 4.7-4.8 μB 








We also obtained two other Ar-Mn
III
 complexes via initial Br 
abstraction with 2 equivalents of AgBF4, which leads to the 
formation of complex 2 with BF4 ligands bound through the F 
atoms (Scheme 3, b). Complex 2 is stable is CH2Cl2 solution 
for at least 24 hours, but undergoes decomposition upon sol-
vent removal and prolonged exposure to vacuum. X-ray struc-
ture reveals κ
1
-coordination of the two BF4 anions to a Mn 
center via F-atoms, with Mn1-F11 and Mn1-F21 bond dis-
tances of 2.0483(9) Å and 2.0281(9) Å, respectively. Exam-
ples of Mn complexes with a κ
1
-coordinated BF4 ion are ex-





 complexes reported in the literature,
79-81
 although 
examples with other transition metal complexes are known 
(for selected examples, see Refs 
82-86
). The B-F distances for 
metal-bound B-F bonds are significantly elongated (B1-F11 
1.4711(17) Å and B2-F21 1.4778(17) Å) compared to the ter-
minal B-Fterm bond distances (ca. 1.38 Å). As previously pro-












Further treatment of 2 with slight excess of NaI leads to an 
iodo complex 3¸which was isolated in overall 46% yield after 
two steps. Both complexes were characterized by X-ray dif-
fraction (Figure 1b, c), NMR, FT-IR, and UV-vis spectrosco-
pies.
87-88
 X-ray structures of 2 and 3 reveal a similar hexacoor-
dinate Mn
III
 center with the Mn-Ar bond distances of 2.012(5) 
and 2.0323(18) Å, respectively. Thus, complexes 1-3 are rare 






Since complex 1 was obtained via a formal 2e
-
 oxidative addi-
tion to a Mn
I
 center, we decided to further examine if this 
transformation involves a free radical formation or occurs via 
a non-radical mechanism. When the reaction was carried out 





 as radical traps or 9,10-dihydroanthracene 
95-
96
as an H-atom donor, no TEMPO adduct or anthracene could 
be detected in the reaction mixtures; the product of ligand 
hydrodebromination 
tBu
N3CH was also not detected, arguing 
against free Ar radical formation.
93, 95
 The reaction in the pres-
ence of 1-hexene or 1-decene did not lead to the detection of 
brominated products by GC-MS analysis, which could be ex-
pected from formation of free Br radical or Br2.
97-100
 The role 
of UV light irradiation is likely to remove CO ligands, similar 
to the known photolabile Mn complexes.
101
 
When isolated complex 1 was heated in toluene solution, no 
reductive elimination was observed up to up to 150 °C, with or 
without additives of PPh3 or CO, showing that reductive elim-
ination from Mn
III
 does not occur easily under these conditions. 
Next we set out to investigate if Ar-Mn complexes in higher 
oxidation states will be accessible, which could induce more 
facile reductive elimination.
49, 62-64
 The cyclic voltammetry of 
1 in 
n
Bu4PF6/CH3CN revealed a quasireversible oxidation 




 oxidation at E1/2 = 
0.47 V vs. Fc
+
/Fc (ΔEp = 290 mV), followed by another irre-
versible oxidation at Epa ≈ 1.12 V (Figure 2). The relatively 
low potential for the first oxidation suggests the 1e
-
-oxidized 




First, complex 1 was reacted with 1.1 equiv of NOBF4 as an 
oxidant. NOBF4 has a formal potential of 1.00 V and 0.87 V 
vs. Fc/Fc
+
 in CH2Cl2 and MeCN, respectively. When the reac-
tion was performed in CH2Cl2, the initial red-colored solution  
 
Figure 2. Cyclic voltammogram of 1 (2 mM) in 0.1 M 
nBu4NPF6/MeCN at 25 °C (scan rate 50 mVs
-1; 1.6 mm Pt disk 
working electrode; the arrow indicates the initial scan direction). 
Eox1 = 0.611 V; Ered1 = 0.321 V (quasirev.); ΔEp = 290 mV; E1/2 = 
0.466 mV; Eox2 = 1.120 mV (irrev.). 
gradually changed to yellow within 2 h, and in MeCN an in-
stantaneous color change to yellow was observed. While the 
solution was NMR silent in the presence of Mn-containing 
product, HR-MS shows the peak with a characteristic isotope 
pattern at m/z 430.1836 corresponding to a metal-free 
[
tBu
N3CBr+H]+ (expected m/z 430.1852). Interestingly, when 
the reaction was performed using excess (2 equiv) of NOBF4, 
crystals were obtained from MeCN showing a co-crystallized 
metal-free 
tBu







 counterions (Figure 1d). Although the charges and oxida-
tion states of all components cannot be assigned unambiguous-
ly due to a disorder,
87
 this structure additionally confirmed the 
formation of 
tBu
N3CBr. The presence of extra equivalents of 
NO
+
 suggests that less than 2 equiv. of the oxidant might be 
necessary. 
Indeed, when the reaction was performed in the presence of 
only 1.1 equiv of NOBF4, complete disappearance of red-
colored 1 was observed. The organic product was isolated by 
washing the CH2Cl2 solution with basic aqueous solution to 
remove Mn salts. NMR analysis shows that the crude CH2Cl2 
solution contains free 
tBu
N3CBr in 84% yield based on inte-
gration vs. internal standard (Scheme 4, a).
87
 Further purifica-
tion via flash chromatography resulted in 65% isolated yield 
of pure 
tBu
N3CBr as an average of three trials. The side-
product of the reaction was identified as the protonated ligand 
tBu
N3CH formed in ca. 16-17% yield, which likely results 
from protonation of the ligand by protic impurities in the oxi-
dant or solvent. The formation of 
tBu
N3CH was also observed 
when the reaction was performed in CD2Cl2,CD3CN or in 
CD2Cl2/toluene-d8, indicating that 
tBu
N3CH is not formed by 
H-atom abstraction from the solvent or benzylic protons as 
expected for free Ar radical formation.
103
 
In order to analyze the Mn-containing product, a sample of the 
reaction mixture, obtained by reacting 1 with 1.1 equiv of 
NOBF4 in MeCN solution, was diluted with water and ana-
lyzed by EPR spectroscopy. The EPR spectrum at 298 K 
shows a characteristic sextet at g = 2.01 (A = 95 G) typical for 
Mn
2+
 salts showing hyperfine splitting from 
55
Mn (I = 5/2) 
(Figure 3), almost identical to that for Mn(H2O)6
2+
 obtained by 
dissolving MnSO4 in water. Spin integration vs. standard solu-  
 
Scheme 4. Oxidatively-induced reductive elimination of Ar-X bonds (X = Br, I, CN). 
tion of MnSO4 allowed us to estimate the yield as 96% from 
an average of two trials.
104
 
Overall, quantitative formation of the Mn
2+
 salt and high iso-
lated yield of 
tBu
N3CBr implies that only 1.1 equiv of a one-
electron oxidant, NOBF4, was sufficient to complete Ar-Br 
reductive elimination. To our knowledge, this is the first ex-
ample of the Ar-Br reductive elimination from a Mn monoaryl 
complex. 
In order to examine if RE also occurs in the presence of other 
oxidants, we then performed oxidation of 1 using arylaminium 
radical “Magic Blue” [N(4-BrC6H4)3][SbCl6] (1.1 equiv) (E
0’
 = 
0.70 V and 0.67 V vs. Fc/Fc
+
 in CH2Cl2 and MeCN, respec-
tively).
102
 Although the reaction was slower, after 12 h, the 
organic product 
tBu
N3CBr was obtained in 56% yield. Inter-
estingly, even using H2O2 as an oxidant allowed us to obtain 
tBu
N3CBr in 37% isolated yield. EPR analysis of the reaction 
mixtures revealed the presence of Mn
2+
 ion, with 70% and 
62% yield of Mn
2+
 after oxidation with “Magic Blue” and 
H2O2, respectively.
87
 Overall, these experiments indicate that 
the Ar-Br elimination is not specific to NOBF4 and other oxi-
dants may be used.  
Next, to gain insight into the mechanism of this reaction, we 
performed the experiments in the presence of TEMPO or O2 
that could trap carbon-based radicals.
93-94
 However, isolated 
yields were not affected significantly, and 
tBu
N3CBr was ob-
tained in 78-82% yields, while no TEMPO adduct was detect-
ed, indicating that free Ar radical formation does not have 
significant contribution.
93-94
 The reaction in the presence of 1-
decene did not show any products of bromination of 1-decene, 
suggesting that the reactivity does not involve either the metal 
bromide as the “surrogate” of the Br radical (or free Br radi-
cal) or Br2.
97-100
 We then attempted to detect proposed Mn
IV
 
intermediates by a variable temperature UV-vis experiment at 
-78 to 20 °C in propionitrile or acetonitrile, however, no per-
sistent intermediates were detected.
87
 
The frontier orbital analysis of the DFT-optimized structure 
for the proposed intermediate, complex 1
+
 (Scheme 1), shows 
that three singly-occupied molecular orbitals (SOMO’s) have 
the character of dxy, dxz and dyz orbitals at the metal (Figure 4), 
consistent with assignment of 1
+





hough the possibility of ligand’s non-innocence cannot be 




 ligand and analogous che-
lating N-donor ligands in studying reductive elimination from 






 species) is 
typically proposed to occur at the high-valent metal center 
without participation of the ligand.
35, 71-73, 76-78
 
We then explored applicability of oxidatively-induced elimi-
nateion to other types of Ar-X bonds. Unfortunately, the at-





Cl2 failed to give the desired product by BF4/Cl 
exchange. Complex 2 undergoes fast decomposition upon 
reaction with NOBF4 to give 
tBu
N3CH as a major identifiable 
product; no evidence was seen by ESI-MS or GC-MS for the 
formation of an Ar-F elimination product. Similarly, oxidation 
of 2 with NOBF4 in the presence of MeOH yields 
tBu
N3CH as 
a major product, while no methoxylation product could be 
detected. However, to our satisfaction, when iodo complex 3 
was treated with 1.5 equiv. of NOBF4, reductive elimination of 
Ar-I bond was also observed to give the expected product 
tBu
N3CI in 64% yield determined by NMR integration vs. 
internal standard after extraction (Scheme 4, b), while 
tBu
N3CH was not detected. The formation of a Mn
II
 species 
was also confirmed by EPR spectroscopy.
87
  
Interestingly, one-pot Ar-CN elimination has also been 
achieved by reacting complex 1 with AgBF4 to give 2, which 
was further reacted with NaCN for 3 h, followed by oxidation  
 
 
Figure 3. X-band EPR spectra of H2O-diluted sample from oxida-
tion of 1 with 1.1 equiv NOBF4 (red) and reference sample of 
MnSO4 in H2O (blue) at 298 K. 
 
Figure 4. Kohn-Sham orbital plots for DFT-optimized complex 
1+ (isovalue 0.07) (ROB3LYP/6-311++G(d,p)/LANL2DZ). 
 
with NOBF4. The expected 
tBu
N3CCN product was obtained 
in 28-29% yield, with 
tBu
N3CH as a side-product formed in 
14-17% yield (Scheme 4, c).  
Therefore, the oxidatively-induced RE reactivity is not limited 
to Ar-Br only and can be extended to other types of heteroa-
toms, which may potentially find wider applications in oxida-
tively-induced C-H and C-X bond functionalization. We will 
further investigate the possibility of chelation-assisted C-H 




 species in 
the presence of an oxidant, which can potentially lead to the 
catalytic turnover for substrates containing directing groups. 
SUMMARY AND CONCLUSION  
In summary, we isolated rare, stable monoaryl Mn
III
 bromo-
complexes obtained by oxidative addition of Ar-Br bond to a 
Mn
I
 precursor. While Mn
III
 complex 1 was stable, its one-
electron oxidation induces facile reductive elimination of the 
Ar-X (X = Br, I) bond and concurrent formation of a Mn
II
 
species via a non-radical mechanism. Considering the wide 
use of Mn
I
 complexes for C-H bond activation leading to Ar-
Mn complexes, observation of Ar-X bond-forming reductive 
elimination from Ar-Mn complexes opens up new possibilities 
for oxidative C-H functionalization. We were able to obtain 
isolated organometallic Mn
III
 species, which enable direct 
observation of both OA and RE of Ar-Br, demonstrating the 
importance of taking advantage of the large range of oxidation 
states available to the Mn metal center, with four oxidation 
states being necessary overall in the current transformation. 
We are currently investigating the possibility of other types of 
C-X and C-C bond reductive eliminations as well as catalytic 
C-H and C-X functionalization. 
EXPERIMENTAL SECTION 
General specifications. All manipulations unless stated otherwise 
were performed using Schlenk or glovebox techniques under dry 
argon atmosphere. Anhydrous solvents were dispensed from an 
MBRAUN solvent purification system and degassed prior to use. 
Anhydrous deuterated solvents were purchased from Eurisotop and 
stored over 4Å molecular sieves. All chemicals unless noted other-
wise were purchased from major commercial suppliers (TCI, Sigma-
Aldrich and NacalaiTesque) and used without purification. 
Instrumentation. NMR spectra were measured on JEOL 
ECZ600R 600MHz, JEOL ECZ400S 400 MHz, Bruker Avance II 400 
MHz and Bruker Avance III Neo 500 MHz (CryoProbe) spectrome-
ters. Electrospray Ionization Mass Spectrometry (ESI-MS) measure-
ments were performed on a Thermo Scientific ETD apparatus. Ele-
mental analyses were performed using an Exeter Analytical CE440 
instrument. FT-IR spectra were measured using Agilent Cary 630 
with ATR module in an argon filled glovebox. The following abbre-
viations are used for describing FT-IR spectra: s (strong), m (medium), 
w (weak), br (broad). UV−vis absorbance spectra were collected us-
ing an Agilent Cary 60 instrument. EPR measurements were done on 
an X-band JEOL JES-X330 EPR spectrometer. The magnetic proper-
ties were measured using a 9T physical properties measurement sys-
tem PPMS Dynacool from Quantum Design, equipped with the vi-
brating sample magnetometer (VSM) option, in a 2−300 K tempera-
ture range under a magnetic field of 10 000 Oe. For these measure-
ments, samples were ground into powder and placed in plastic cap-
sules. The Evans method measurements were performed in the coaxi-
al NMR tube at 298 K; diamagnetic correction was applied.
105
 Low 
temperature UV−vis measurements were performed using a fiber-
optic immersion probe (Hellma, path length 2 mm). Cyclic voltamme-
try (CV) experiments were performed using ALS/CHI Electrochemi-
cal Analyzer 660E. Electrochemical grade 
n
Bu4NPF6 was used as the 
supporting electrolyte. Electrochemical measurements were per-
formed in an Ar-filled glove box. A Pt disk electrode (d = 1.6 mm) 
was used as the working electrode, and a Pt wire as the auxiliary elec-
trode. The non-aqueous Ag-wire reference electrode assembly was 
filled with 0.01 M AgNO3/0.1 M 
n
Bu4NClO4/MeCN solution was 
used as a reference electrode and was calibrated against ferrocene 




X-ray structure determination details. The X-ray diffraction data 
for the single crystals were collected on a Rigaku XtaLab PRO in-
strument (κ-goniometer) with a PILATUS3 R 200K hybrid pixel array 
detector using MoKα (0.71073 Å) or CuKα (1.54184 Å) radiation 
monochromated by means of multilayer optics. The performance 
mode of MicroMax
TM
-003 microfocus sealed X-ray tubes was 50 kV, 
0.60 mA. The diffractometer was equipped with a Rigaku GN2 sys-
tem for low temperature experiments. Suitable crystals of appropriate 
dimensions were mounted on loops in random orientations. Prelimi-
nary unit cell parameters were determined with three sets of a total of 
10 narrow frame scans in the case of a Mo-source and six sets of a 
total of 10 narrow frame scans at two different 2θ positions in the case 
of a Cu-source. The data were collected according to recommended 
 
strategies in an ω scan mode. Final cell constants were determined by 
global refinement of reflections from the complete data sets using the 
Lattice wizard module. Images were indexed and integrated with 
“smart” background evaluation using the CrysAlis
Pro
 data reduction 
package (1.171.39.20a, Rigaku Oxford Diffraction, 2015). Analysis of 
the integrated data did not show any decay. Data were corrected for 
systematic errors and absorption using the ABSPACK module: Nu-
merical absorption correction based on Gaussian integration over a 
multifaceted crystal model and empirical absorption correction based 
on spherical harmonics according to the point group symmetry using 
equivalent reflections. The GRAL module and the ASSIGN 
SPACEGROUP routine of the WinGX suite were used for analysis of 
systematic absences and space group determination. 
The structures were solved by the direct methods using SHELXT-
2018/2
106





 which uses a model of atomic scattering based on 
spherical atoms. Calculations were mainly performed using the 





atoms were refined anisotropically. The positions of the hydrogen 
atoms of methyl groups were found using rotating group refinement 
with idealized tetrahedral angles. The other hydrogen atoms were 
inserted at the calculated positions and refined as riding atoms. In the 
cases of 1 and 2, a substitutional “N1/C1” disorder occurs. A posi-
tional disordering of tetrafluoroborate anions and acetonitrile ligands 









)”. The disorder was 
resolved using free variables and reasonable restraints on geometry 









)” contains highly 
disordered nitrosonium ions and solvent molecules of hexane and/or 
acetonitrile, which were treated as a diffuse contribution to the overall 
scattering without specific atom positions by PLATON/SQUEEZE-
200618.
110
 Squeezed solvent info is not included in the formula and 
related items such as molecular weight and calculated density. The 
structure of 1 was treated as a 2-component inversion twin with the 
fractional volume contribution of 0.028(7) for the minor component. 









)” , the com-
plex cation Mn(NCCH3)6
2+
 (through metal-center) bisected by glide 
plane in the space group C2/c, hence the asymmetric cell contains half 
of the cation (Z' = 0.5). All the compounds studied have no unusual 
bond lengths and angles. The absolute structure of 1 was determined 
based on the Flack parameter.
111-112
  
The crystal data, data collection and structure refinement details for 
the investigated crystals are summarized in Table S2 (Supp. Info). 
Molecular structures of the investigated complexes in the crystalline 
phase as well as accepted partial numbering are presented as ORTEP 
diagrams in Figures S50-S53 (Supp. Info). Selected bond lengths and 
angles are appended to the captions. 
The crystallographic data for the investigated compounds have 
been deposited in the Cambridge Crystallographic Data Centre as 
supplementary publication numbers CCDC 1917063 (1), 1917064 (2), 









)”). These data can 
be obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif, 
or by emailing data_request@ccdc.cam.ac.uk, or by contacting The 
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge 





Br2 (1). 410 mg of 
tBu
N3CBr ligand 
(0.952 mmol) and 261.4 mg of Mn(CO)5Br (0.951 mmol) were com-
bined in a flame dried Schlenk flask inside a glove box and 20 mL of 
dichloroethane was added to give a yellow suspension. The flask was 
taken outside the glove box and stirred in a water bath in front of a 
mercury lamp. The reaction vessel was subjected to vacuum for 1 
second every hour, then stirred under static vacuum, and after 3 h, the 
reaction was then stirred under a static vacuum overnight. After 13 
hours, the solution appeared wine-red and the entire solvent was 
evaporated under reduced pressure. The solid obtained was redis-
solved in a minimal amount of dichloromethane and filtered through 
celite. The filtrate obtained was evaporated under reduced pressure to 
yield a red solid which was washed three times with copious amounts 
of ether (≈ 15 mL) and then dried to yield 1. Deep red crystals were 
grown by vapor diffusion of ether into a dichloromethane solution of 
the complex (about 6 mL of DCM); yield of isolated product 310 mg 
(0.548 mmol), 58%. The product was recrystallized second time to 
give 260 mg of the crystalline product as large dark-red crystals 
(0.460 mmol).  
UV-vis, , nm (, M
-1·cm-1), CH2Cl2: 547 (560), 430 (620, sh), 383 
(1720), 270 (10200). 
μeff = 4.98 μB (298 K, Evans method, CD2Cl2). 
FT-IR (ATR, solid, cm
-1
):  3049 (w), 2972 (w), 2008 (w), 1926 
(w), 1598 (w), 1575 (w), 1457 (w), 1430 (w), 1267 (s), 1194 (w), 849 
(w), 731 (s), 701 (m). 
1
H NMR (CD2Cl2, 400 MHz, 25 °C), δ: 47.80 (br), 36.55 (br), 
23.73 (br), 11.38, 3.73, 3.42, 1.29, 1.14, 0.87, 0.08, -20.49 (br), -
105.21 (br), -154.97 (br). 





, z = 1): 484.1155; Found: 484.1149. 
Anal. Calcd. for Mn1C23H32Br2N3: C, 49.02; H, 5.72; N, 7.46. 





(BF4)2 (2). 30.0 mg (0.0531 mmol) of 1 
was dissolved in 2 mL of dichloromethane and 20.7 mg (0.106 mmol) 
of AgBF4was added and stirred for 3 hours in the dark. The AgBr salt 
was filtered off to give a yellow-colored filtrate containing complex 2. 
The solution was used immediately for the next step or for reactivity 
studies. Compound 2 was stable in solution at RT: no changes were 
observed in the UV/vis spectrum of a 0.36 mM solution of 2 stored in 
the dark under Ar atmosphere for at least 24 h. Upon removal of sol-
vent and drying under vacuum, the compound gradually decomposed 
into a black unidentifiable compound. Thus, complex 2 was used as a 
freshly prepared solution without isolation and stored in the dark and 
could not be isolated in a pure form as a solid.  
Pink crystals of 2 were grown by vapor diffusion with hexane of a 
dichloromethane solution in a freezer at -20 °C.  
UV-vis, , nm (, M
-1·cm-1), CH2Cl2: 560 (440), 440 (305, sh), 352 
(2200), 262 (7700). 
FT-IR (ATR, dichloromethane solution, cm
-1
):  3513 (m), 2029 
(w), 1625 (w), 1458 (w), 1445 (w), 1389 (w), 1174 (w), 1007 (s, br). 
1
H NMR (CD2Cl2, 400 MHz, 25 °C), δ: 45.68 (br), 24.12 (br), 
11.10 (br), 3.41, 1.72, 1.41, 1.23, 1.13, -22.21 (br), -113.00 (br), -
138.65 (br). 
ESI-HRMS fails to show the expected peaks, presumably due to 
labile nature of BF4 ligands and coordinating solvents used for analy-
sis.  
Elemental Analyses could not be performed because of instability 





I2 (3). Step 1: 71.5 mg (0.1265 mmol, 
1.0 equiv.) of 1 was dissolved in 5 mL of dichloromethane and 59.1 
mg (0.3036 mmol, 2.4 equiv.) of AgBF4 was added and stirred for 3 
hours in the dark. The AgBr salt was filtered off through a pad of 
celite to give a yellow-colored filtrate containing complex 2. The 
solution was used immediately for the next step.  
Step 2: To the above solution, 57.0 mg (0.3795 mmol, 3.0 equiv) 
of sodium iodide in acetone (2.5 mL) was added. The resulting mix-
ture was stirred for 2.5 hours and filtered through a pad of celite. The 
filtrate obtained was evaporated under reduced pressure to yield a red 
solid which was dried to yield 3. Deep red crystals were grown from 
by vapor diffusion of ether into a dichloromethane solution of the 
complex. The desired complex 3 was obtained in 46% yield (38 mg) 
after two recrystallizations. 
Complex 3 can also be generated through a reaction of in situ pre-
pared 2 with 2 equiv of 
n





 salts due to their high solubility in organic sol-
vents.  
UV-vis, , nm (, M
-1·cm-1), CH2Cl2: 558 (1500), 450 (1500, sh), 
380 (4400, sh), 311 (8000). 
FT-IR (ATR, solid, cm
-1
):  2968 (m), 2908 (w), 1602 (w), 1568 
(w), 1462 (m), 1423 (m), 1372 (m), 1189 (s), 997 (m), 903 (m), 843 
(m), 766 (m). 
1
H NMR (CD2Cl2, 400 MHz, 25 °C), δ: 45.1 (br), 37.3 (br) 24.3, 
10.8 (br), 3.44, 1.17, -20.7, -22.9, -111.3 (br), -153.6 (br). 
 
μeff = 5.33 μB (298 K, Evans method, CD2Cl2). 




Anal. Calcd. for MnC23H32I2N3: C, 41.88; H, 4.89; N, 6.37. Found: 
C, 43.35; H, 4.82; N, 6.58. 
Oxidation of 1 with NOBF4. 56.3 mg (0.1 mmol) of 1 was 
weighed out in a scintillation vial inside a glove box and 5 mL of 
dichloromethane was added. To the red solution, 12.2 mg (0.11 
mmol) of NOBF4 was added in one portion and the mixture was al-
lowed to stir for 2 hours over which time period the color of the solu-
tion gradually changed to yellow and the reaction was stopped. The 
analogous procedure was used for reaction with MeCN leading to 
immediate color changes to yellow.  
ESI-(HR)MS of the crude reaction mixture shows the presence of 
the signal expected for 
tBu
N3CBr product (as [M+H]
+
) having a char-
acteristic isotopic pattern. 
From MeCN solution (first most intense peak): m/z 430.1837 (ex-
pected [M+H]
+
, C23H33N3Br, m/z 430.1852) 
From CH2Cl2 solution (first most intense peak): m/z 430.1836 (ex-
pected [M+H]
+
, C23H33N3Br, m/z 430.1852). 
The products were further characterized and isolated as described 
below.  
Oxidation of 1 by 2 equiv of NOBF4 in MeCN and crystalliza-









 counterions. 56.3 mg (0.1 mmol) of 1 was weighed out in a 
scintillation vial inside a glove box and 5 mL of acetonitrile was add-
ed. To the red solution, 1.1 equiv (for ESI-MS measurements) or 2 
equiv (for crystallization) of NOBF4 was added in one portion and the 
mixture was allowed to stir for 2 hours and analyzed by ESI-MS. The 
resulting yellow solution was concentrated to ca. 2 mL, filtered 
through a small pad of celite and crystals of the adduct were grown by 
vapor diffusion of ether into the filtrate.  
Isolation of 
tBu
N3CBr product after oxidation. 56.3 mg (0.1 
mmol) of 1 was weighed out in a scintillation vial inside a glove box 
and 5 mL of dichloromethane was added. To the red solution, 12.2 mg 
(0.11 mmol) of NOBF4 was added in one portion and the mixture was 
allowed to stir for 2 hours over which time period the color of the 
solution gradually changed to yellow and the reaction was stopped. 
The solvent was then completely removed under vacuum and the 
yellow solid was dried completely. The vial was then taken out of the 
glove box and then a 5 mL saturated solution of K2CO3 was added to 
it and vigorously stirred for 30 minutes. Initially some effervescence 
is seen and gradually a dark brown precipitate appears. The aqueous 
solution was extracted with dichloromethane, filtered and then dried 
over anhydrous MgSO4. The dichloromethane was completely evapo-
rated by a rotavapor and the solid left behind was identified to be 
tBu
N3CBr. NMR yield was confirmed by adding 1,3,5-
trimethoxybenzene (0.33 mmol) to the CDCl3 solution. Analytically 
pure 
tBu
N3CBr could be isolated by a short flash column chromatog-
raphy in 3:97 methanol: dichloromethane mixture. In situ yield (be-
fore chromatography) was found to be 84% based upon internal 
standard, whereas isolated yields were averaged to be 65% based on 
average three runs.  
Isolation of 
tBu
N3CBr was performed after reaction in CH2Cl2 so-
lution, since attempted isolation from CH3CN even after evaporation 
of the solvent leads to partial transferring of the paramagnetic species 
(presumably solvated Mn
2+
 ion) into the organic layer even after 
treatment with a base, leading to broadening of NMR spectra. 
1
H NMR (400 MHz, CDCl3), δ: 7.13 (t, J = 7.6 Hz, 1H, ArH), 6.79 
(d, J = 7.5 Hz, 2H, ArH), 6.74 (d, J = 7.6 Hz, 2H, ArH), 6.60 (t, J = 
7.4 Hz, 1H, ArH), 4.19-4.10 (m, 4H, two CH2 groups), 4.04 (d, J = 
12.8 Hz, 2H, CH2), 3.57 (d, J = 13.3 Hz, 2H, CH2), 1.32 (s, 18H, tBu). 
13
C NMR (101 MHz, CDCl3), δ: 160.05, 138.88, 135.04, 131.54, 
131.08, 125.69, 121.38, 56.78, 55.94, 54.47, 27.85. 
ESI-(HR)MS (first most intense peak): m/z 430.1837 (calcd. 
[M+H]
+
, C23H33N3Br, m/z 430.1852). 
Quantitative determination of a Mn
2+
 product by spin integra-
tion. Standard 10.0 mM MnSO4 solution in water was prepared for 
comparison of spin integration values. Measurements were performed 
in quartz precision capillary tubes (50 μL) at RT; microwave frequen-
cy 9114 MHz.  
14.1 mg (25 μmol) of 1 was dissolved in 4 mL acetonitrile and 3.2 
mg (1.1 equiv) of NOBF4 was added and stirred for 1 hour. 1000 μL 
aliquot of this solution was taken and diluted to 10 mL by addition of 
9 mL water in a volumetric flask to give a final solution with a final 
expected concentration of Mn species of 0.625 mM.  
EPR measurements were performed at RT in the quartz thin capil-
lary tubes. Spin integration was compared for the reaction mixture 
and the standard MnSO4 solution. The measurements were performed 
two times and average of two runs was used. The concentration of 
Mn
2+
 in the final solution was calculated as 0.601 mM corresponding 
to the yield of 96% as an average of two trials. 
The sextet corresponding to Mn
2+
 species obtained from the reac-
tion mixture was observed at g = 2.01 and shows hyperfine splitting to 
55
Mn (I = 5/2; A = 95 G). Identical signal was obtained by dissolving 
MnSO4 is water (g = 2.01, A = 95 G). 
Oxidation of 3 with NOBF4. A 20 mL vial was charged with 
compound 3 (23.0 mg, 0.0349 mmol, 1.0 equiv.), NOBF4 (6.1 mg, 
0.0524 mmol, 1.5 equiv.) and DCM (3 mL). The mixture was allowed 
to stir for 3 hours in glove box, over which time period the color of 
the solution gradually changed to yellow and the reaction was stopped 
(about 3 h). The vial was then taken out of the glove box and then a 4 
mL saturated solution of K2CO3 was added to it and vigorously stirred 
for 30 minutes. The aqueous solution was extracted with EtOAc (3 x 
30 mL), filtered and then dried over anhydrous Na2SO4. The EtOAc 
was completely evaporated by a rotary evaporator. 1,3,5-
Trimethoxybenzene (5.9 mg, 0.0349 mmol, 1.0 equiv.) was added as 
an internal standard. The yield of the product 
tBu
N3CI was 64%.  
ESI-MS analysis shows that only the peak corresponding to proto-
nated 
t





BuN3CH were present.  
The 
tBu
N3CI product was further isolated and purified by column 
chromatography (eluting with 5% MeOH – DCM initially, grading to 





NMR and HRMS.  
When complex 3 is generated in situ using 
n
BuNI instead of NaI 
and further oxidized by NOBF4, formation of 
t
BuN3CI is also ob-
served by NMR and ESI-MS, however, the reaction is generally less 






H NMR (500 MHz, benzene-d6) δ 6.95 (t, J = 7.6 Hz, 1H, CHar), 
6.81 (d, J = 7.3 Hz, 2H, CHar), 6.69 (d, J = 7.6 Hz, 2H, CHar), 6.59 (t, 
J = 7.4 Hz, 1H, CHar), 4.31 (d, J = 12.6 Hz, 2H, CH2), 4.10 (d, J = 
12.6 Hz, 2H, CH2), 4.01 (d, J = 13.7 Hz, 2H, CH2), 3.90 (d, J = 13.7 




C NMR (126 MHz, benzene-d6) δ 160.5 (Cquat), 142.0 (Cquat), 
134.7 (CHar), 131.6 (CHar), 126.6 (CHar), 121.1 (CHar), 114.8 (Cquat), 
60.5 (CH2), 57.0 (CH2), 55.7 (C(CH3)3), 27.7 (C(CH3)3). 
ESI-(HR)MS: m/z 478.1717 (calcd. M*H
+
, C23H33N3I, m/z 
478.1714). 
One-pot oxidatively induced Ar-CN elimination. 28.3 mg (0.05 
mmol, 1.0 equiv) of 1 was dissolved in 3 mL of dichloromethane and 
23.4 mg (0.12 mmol, 2.4 equiv) of AgBF4 was added and stirred for 3 
hours in the dark. The AgBr salt was filtered off through a pad of 
celite to give a yellow-colored filtrate containing complex 2. To the 
above solution, 11.0 mg (0.2245 mmol, 4.5 equiv) of sodium cyanide 
in acetonitrile (2.0 mL) was added. The resulting mixture was stirred 
for 3 hours. 8.8 mg (0.075 mmol) of NOBF4 was added in one portion 
and the mixture was allowed to stir for 2.5 hours over which time 
period the color of the solution gradually changed to yellow and the 
reaction was stopped. The vial was then taken out of the glove box 
and then a 5 mL saturated solution of K2CO3 was added to it and 
vigorously stirred for 30 minutes. The aqueous solution was extracted 
with dichloromethane, filtered and then dried over anhydrous Na2SO4. 
The dichloromethane was completely evaporated by a rotavapor and 
the residue was purified by flash-column chromatography on silica 
gel (DCM/MeOH, 20:1 ~ 10:1) to provide the final products 
tBu
N3CCN (5.5 mg, 29%) and
 tBu
N3CH (3.0 mg, 17%). 
The analogous procedure using acetone instead of acetonitrile 
yields similar yields of products, 
tBu
N3CCN (5.2 mg, 28%) and
 
tBu
N3CH (2.5 mg, 15%). 
 
1
H NMR (400 MHz, benzene-d6) δ 6.87 (t, J = 7.6 Hz, 1H, CHar), 
6.78 (d, J = 7.6 Hz, 2H, CHar), 6.67 (t, J = 7.6 Hz, 1H, CHar), 6.59 (d, 
J = 7.6 Hz, 2H, CHar), 4.17 (d, J = 12.7 Hz, 2H, CH2), 4.01 (br m, 2H, 




C NMR (101 MHz, benzene-d6) δ 160.5 (Cquat), 143.8 (Cquat), 
135.3 (CHar), 130.7 (CHar), 130.5 (CHar), 121.6 (CHar), 118.8 (Cquat), 
58.3 (CH2), 56.2 (C(CH3)3), 54.5 (CH2), 28.0 (C(CH3)3).  
ESI-(HR)MS: m/z 377.2693 (calcd. [M+H]
+
, C24H32N4, m/z 
377.2700). 
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